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ABSTRACT 

An analysis has been developed which lates the effects of inelastic be- 
havior of yttria-stabilized zirconia (YSZ) materials. The results show these 
materials to be sensitive to small changes in temperature and are supported by 
measurements of inelastic behavior in disc and bar specimens at temperatures 
as low as 1010* C (1850* F). At higher thermomechanical loadings, the test 
specimens can deform to strains above 1 pe*"; ‘nt. 


INTRODUCTION 

It has previously been determined that stresses in layered ceramics, such 
as applied to seals and other components, are sensitive to both the tempera- 
ture and heating rates (ref. 1) related to adhesion /cohesion effects (ref. 2), 
coating crack development and life (ref. 3), and inelastic material behavior 
(ref. 4). There are wide variations in both the adhesive/cohesive strength of 
a 0.38-mm yttria-stabilized zirconia (YSZ) plasma-sprayed ceramics (ref. 5) 
and the number of cycles to failure when subjected to a Mach 0.3 burner flame. 
Moreover, when YSZ is plasma-sprayed # onto a metallic substrate and heated in a 
Mach 0.3 flame between 930* and 1040* C, extremely large decreases in specimen 
life are found at the higher temperatures (ref. 6). At the higher tempera- 
tures some process is occurring which accelerates the accumulation of suffi- 
cient stress to spall the ceramic from the metallic substrate. 

Spalling is the mode of most obvious failure in plasma-sprayed ceramic 
coatings. The serious consequences of spalling include direct exposure of 
structural metal substrates to the high temperature turbine gas enviroment. 
Factors that promote spalling include thermal stress loading of the ceramic 
bondcoat interface, oxidative or corrosive degradation of the ceramic bondcoat 
interface, and development of internal stresses within the porous ceramic coat- 
ing due to condensation of combination products in the pores. 

Since there is a large difference in thermal expansion of the ceramic 
layer on a metallic substrate under even isothermal conditions, the metal, at 
elevated temperatures, is stressing the ceramic in tension. When maintained 


at temperature, the ceramic may undergo inelastic behavior and, on subsequent 
cooldown, the ceramic would be compressed. This compressive load may be suf- 
ficient to spall the ceramic directly on cooldown, or it may be sufficient, 
when combined with compressive stresses from subsequent heatup cycles, to 
cause eventual spalling. 

This paper describes some results obtained from the experimental measure- 
ments of inelastic behavior of YSZ as applied to plasma-sprayed ceramics. 


SYMBOLS 


b load effect on thermal creep 

F transverse load 

P load 

T temperature 

e-j inelastic strain 

o stress 

t time 

v Poisson ratio 

Subscripts: 

calc calculated 

exp experimental 

0 reference 


APPARATUS AND PROCEDURE 

Tests were conducted on YSZ disc and bar samples (fig. 1). The 0.38-mm 
(0.015-in.) thick YSZ disc samples were 25 mm in diameter, supported on a tube 
holder, and loaded by a ball-in-cage system with additional weights added to 
the cage. The bar samples consisted of 1.5 by 13 by 140-mm stainless steel 
flat stock and were plasma-sprayed on both sides with 0.13 mm of NiCrAlY and 
0.38 mm of YSZ. The edges were essentially uncoated. The bar specimens, sup- 
ported on a reinforced U-channel, were loaded by round stock secured in posi- 
tion by a wire loop. 

In both types of tests, the samples were statically transverse-loaded and 
heated in an argon-flooded furnace for predetermined times and temperatures. 
Photographs of typical disc and bar specimens appear in figure 2 and will be 
discussed next. 


RESULTS AND DISCUSSION 

In an effort to determine some inelastic behavior in YSZ materials, sev- 
eral static furnace experiments were conducted, the results of which are pre- 
sented in figure 2 and the tables. 

While the disc specimens (fig. 2(a)) represent a 'homogeneous' material, 
the sprayed bar specimens (fig. 2(b)) represent a composite material with con- 
cave and convex surfaces in compression and tension, respectively, with defor- 
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mation controlled by the substrate under applied load. At 1177* C and 210 gm 
loading, severe deformation of the bar specimen can occur. On the tension 
side, a strain relived debonded surface projected the ceramic layer 0.2 mm be- 
yond the substrate (fig. 2(c)). In figure 2(d), the ceramic on the compression 
and tension sides of the bar (fig. 2(c)) has been removed to demonstrate the 
inelastic behavior. The debonding crack on the tension side Is shown more 
clearly in figure 2(d). The tension surface Is fragile and possesses a multi- 
plicity of small cracks as compared to the compression surface. 

It is apparent from the data of these tests (table II and figs. 2(c) and 
(d)) that the NiCnAlY bondcoat material retains sufficient strength to stress 
the YSZ on surfaces of concave or convex curvature. 

The inelastic deformation of the region beneath the load for disc and bar 
samples is given in tables I and II. For the disc, the composite strain is 
approximated as the ratio of deformed to undeformed surface area where the de- 
formed surface is represented as a cone. The calculated values of disc strain 
are estimated using equations (1) and (2), as developed in the appendix, for 
the inelastic contribution and those of reference 9 for the elastic 
contribution. 


e, - (,/, 0 )°- 55 ( 1 ) 

e, » 4.35xl0' 3 o 1 ' 07 ,°' 55 e' 1230/4T (2) 


It is assumed that the applied stress due to transverse load remains constant 
and the concentrated and uniform loads are related as 

< 3 > 

For most data, the experimental # and calculated values are of the same order of 
magnitude. For the point (1010* C, 173.4 gm), the heating time is in question 
and has not been resolved. 

Figure 3 presents a qualitative comparison of strains produced on 
transverse-loaded disc specimens (fig. 2(a) and table I) with those for uniax- 
ial strains produced by compressive loading of cylindrical shells (ref. 4) for 
selected temperatures and loadings. The solid curves represent data of refer- 
ence 4. The solid symbols represent data of this study and the open symbols 
and the dashed curves are estimated from equations (1) and (2). Here crn,ax 
was assumed as 27 MPa. The 1-percent strain axis through the figure is impor- 
tant as it represents various values of to (eq. (1)). 

The evidence relating to inelastic behavior does indicate that heating 
history at elevated temperature can significantly influence life. 


3 


ANALYSIS 


Since there exists several comprehensive data sets for cylindrical speci- 
mens (13 mm dlam), the basic analysis for Inelastic behavior will be for a 
cylinder. 

The computer codes SINDA and FEATS (refs. 7 and 8) were used to analyze 
the transient the nmomechan leal load cycle associated with a multimaterial- 
sprayed rod subjected to a Mach 0.3 Jet-A air burner flame (ref. 1). For this 
elastic model, the effects of Inelastic behavior were simulated using the en- 
forced axial displacement constraint which, per unit length, becomes equivalent 
to axial strain. Under such conditions, the compressive stress increases sig- 
nificantly which In tum produces higher circumferential and radial stresses. 
Assuming the materials can withstand these strains, the development of radial 
stress in a YSZ-sprayed rod specimen as a function of initial axial strain is 
Illustrated In figure 4 for the initial phase of the heating transient. 

For a radial stress or an average adhesive/ cohesive stress of 9 MPa, the 
Initial axial strain is approximately 0.35 percent. While a direct comparison 
for Inelastic behavior of the rod at 1040* C (1900* F) under the prescribed ex- 
perimental thermomechanical loading is unavailable, an estimate for inelastic 
behavior can be made using equations (1) and (2). Assuming a thermomechanical 
loading of 1040* C and 24.1 MPa, 1.19E4 or 3980 3-min temperature cycles would 
cause an inelastic strain of 0.35 percent. Experimentally, the average life 
Is 1330 cycles (ref. 5) or about one-third of the estimated value of 3980. 

To illustrate the sensitivity of these results to temperature at a ther- 
momechanical loading of 1060* C and 24.1 MPa, 1620 min or 540 3-mln cycles are 
required to produce a 0.35-percent strain. 

It is evident that more analytical and experimental results are necessary 
to adequately resolve the problems. 


SUMMARY 

Experimental tests and an analysis of cyclic heating life of zirconia- 
sprayed (Zr 02 -Y 203 /rMCrAl Y) specimens have demonstrated that applied thermal 
rate and temperature level are Important parameters In thermal cycle life of 
the ceramic. 

A YSZ specimen which can withstand the rate at which heat is applied 
(thermal shock) then becomes subjected to higher temperature effects. Inelastic 
behavior (creep) can increase strains on the ceramic layer, thereby degrading 
the specimen's ability to withstand thermal shock or the directly applied com- 
pressive load. The magnitude of the inelastic effects are sensitive to small 
changes in temperature. 

These results are supported by measurements of inelastic deformation of 
transversely loaded plasma-sprayed disc and plasma-sr>rayed bar specimens to 
temperatures as low as 1010* C (1850* F). At higher thermomechanical loads 
(e.g., a disc specimen at 1066* C with 173 gm load), the observed strains were 
above 1 percent. 
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APPENDIX - SEMI-EMPIRICAL APPROXIMATIONS FOR CREEP BEHAVIOR 

The details and results of a variety of creep tests with YSZ (ref. 4) are 
not yet fully available. In brief, YSZ was plasma-sprayed onto aluminum tubes 
which were NaOH-leached to provide the YSZ cylindrical shell which was com- 
pressive-loaded at different temperatures and loads. 

The form selected to represent these data is 

100 - (t/t q ) p (Al) 


where tq is the time (in min) at temperature and while 0.5 < p < 0.7, a value 
of 0.55 was selected. 


An cpproximate relationship 


1 ° 9 10 , 0 



(A2> 


can be established where tq is the time to induce a creep strain of 1 percent 
at temperature T, tq is a reference temperature set at 1173 K (900* C), and b 
represents the effect of applied loading on the SSZ cylinder (fig. 5). 

The effect of applied load must be greater than zero Sut less than the 
rupture loading; however, the nonlinearity and temperature dependence which 
enters the relation is not clear. The parameter b is approximated by 

b = 0.1 + 0.2 log 10 (P/P 0 ) (A3) 


where P is the applied loading and a reference loading of 6.9 MPa 

(1000 psi). 

Equations (A2) and (A3) can be combined to give 


-0.55 

T 0 


3. 42(cr/c n ) e 


.068 -tl230/(T-T 0 )] 


(A4) 


and equation (Al) rewritten as 

. -jcvin-3 1.068 0.55 -1230 /aT 
Ej * 4.3bxlU cr t e 


(A5) 


with creep rate given as 

o -jov-in- 3 1-068 -0.45 -1230 /aT 
E j * 2.39X10 o t e 


(A6) 
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TABLE I. - INELASTIC BEHAVIOR OF YSZ DISK SPECIMENS HEATED 
IN AN ARGON-FLOODED FURNACE 


Temperature, 

Time, 

min 

Load, 

gm 

Deflection, 

mm 

Percent-strain 

Symbol 

exp 



calc a 

1010 

5400 

97.4 

0.12 

0.005 

0.0045 

0 

1010 

5760 

173.4 

1.4 

.6 

.009 

A 

1066 

5400 

97.4 

.9 

.24 

.2 

0 

1066 

5400 

173.4 

1.65 

.84 

.36 

V 

1121 

5400 

97.4 

3.4 

3.5 

1.23 

□ 


a Fq. (1). 


TABLE II. - INELASTIC BEHAVIOR OF 
YSZ-NiCrAl Y SUBSTRATE BAR 
SPECIMENS IN AN ARGON- 
FLOODED FURNACE 


[Specimen weight, 41.1 gms; 
heating time, 24 hr.] 


Temperature 

Load, 

gm 

Deflection 

# C 

*F 

mm 

in. 

1066 

1950 

64.2 

! .8 

0.07 



133.6 

3.8 

.15 



210.4 

6.6 

.26 

1121 

2050 

62.4 

2.0 

.08 



133.6 

4.3 

.17 



210.4 

7.4 

.29 

1177 

2150 

210.4 

12.2 

.48 
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TIME, min 


Figure 3. - Comparison of thermal creep results for transverse- 
loaded disc specimens end exiel compression-loaded cylindrl- 
cel shells (ref. 4). 



INITIAL STRAIN INCREMENT, U 


figure 4. - Stresses in YSZ-spreyed rod specimen with initial 
Kiel displacements. 




